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SUMMARY 

The formation of t h i n  m e t a l  films has been observed by e lec t ron  
d i f f r ac t ion  and electron microscopy during in-s i tu  deposition on 
amorphous carbon films. Specif ical ly ,  the formation of deposits of 
i ron,  copper and gold has been investigated a t  various temperatures fo r  
transformations of c rys t a l  s t ruc ture ,  var ia t ions  of atoaaic distances 
and pha8e changes (quasi l iquid t o  so l id )  during ear ly  stages of growth. 
Whenever possible,  such processes have been correlated t o  particle sizes.  

The existence of c r y s t a l l i t e s  with diameters of less than 20 8 
was deduced from e lec t ron  d i f f r ac t ion  r ings unly. 
dimensions larger  than 20 91 were observed d i r e c t l y  from electron micro- 
graphs as well as  by e lec t ron  d i f f rac t ion .  

Par t ic les  with 

Structural  transformations of the c rys t a l  l a t t i c e  were only 
obaerved i n  deposits of iron. The i n i t i a l  deposits of i ron  maintained 
an f.c.c. s t ruc ture  u n t i l  they grew t o  dimensions of approximately 50 2. 
A transformation t o  a b,c.c. type c rys t a l  structure w a s  then observed. 
No fur ther  change i n  s t ruc ture  occurred up t o  the formation of continuous 
i ron  film. 

Unit c e l l  dimensions i n  both types of i ron  c rys t a l s  seemed t o  be 

The f,c,c. c rys t a l  s t ruc ture  of i ron pa r t i c l e s  between 
l a rges t  i n  very small par t i c l e s  and decreased during the growth of 
c r y s t a l l i t e s ,  
20 and 50 $ s i ze  indicate  a possible decrease in l a t t i c e  parameters from 
4.3 to  4.15 R; however, measurement accuracy is too l imited a t  such 
pa r t i c l e  s i zes  t o  be cer tain.  
t h a t  '0.c.c. i ron crystals of about 50 8 s i z e  had la t t ice  parameters of 
approximately 3.15 
be 100 a and larger .  

Somewhat more va l id  w a s  the observation 

which decreased t o  2-90 8 as the particles grew t o  

Copper and gold deposits s t a r t e d  observable nucleation with an 
f,c.c, type l a t t i c e  s t ruc ture .  
noticeable transformation i n  s t ructure .  No var ia t ion  i n  l a t t i c e  
parameters could be noticed i n  the deposits of these two metals. 

The ear ly  deposits grew without any 

All deposits with dimensions of more than 80 1 showed wel l  defined 
c rys t a l l i za t ion  while d i f f r ac t ion  patterns and images of smaller 
deposits indicated incomplete c rys ta l l iza t ion ,  
found a t  any s tage of the  metal deposits,  
were found and described, 

No "liquid" phase was 
Various shapes of eyys t a l l i t e s  

The observations of the i n - s i tu  depositZoa8 performed under t h i s  
four month's aontract  are summarized i n  Table I. 
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INTRODUCTION 

In-s i tu  e lectron microscope observations of t h in  film fornution 
during the deposition process have a decisive advantage when compared 
to  s tudies  of deposits which have been produced i n  another vacuum system. 
The interrupt ion of the deposition and the t ransfer  in to  the observation 
system may cause considerable changes of the deposit  before it can be 
studied. (Ref. 1, 2, 3 ) .  Since the f i r s t  experiments with in-s i tu  
t h i n  fi lm deposition by McLauchlan (Ref. 4, 1950) attempts have been 
made t o  overcome the d i f f i c u l t i e s  inherent i n  such observation (Ref. 
5 - 14).  In most commercial e lectron microscopes space for  experiment- 
a t ion  is very l imited,  par t icu lar ly  i n  the v i c i n i t y  of the object under 
observation. The operational vacuum of most instruments i s  i n fe r io r  t o  
most thin-fi lm deposit ion requirements. The electron beam necessary 
for  the observation can have a s ign i f i can t  influence on the deposition 
i t s e l f  and on the deposited material .  

The four-month e f f o r t ,  reported in  the following, was based on 
equipment formerly described by H. Poppa (Ref. 14) which is attached t o  
a commercial e lectron microscope (Hitachi 11A). This equipment 
represents notable improvements r e l a t i v e  t o  tha t  used by e a r l i e r  
invest igators  mainly pertaining t o  control of environmental conditions 
a t  the s i t e  of deposition. Some fur ther  improvements of controlled 
environment has been achieved during the course of t h i s  work by 
addi t ional  pumping capabi l i ty  and by implementing temperature measure- 
ments a t  the substrate  holder. 

The observations reported here should be considered exploratory i n  
nature. Quantitative analysis and conclusions of a more general nature 
should be attempted only a f t e r  ve r i f i ca t ion  by repeated experiments 
under reproducible conditions. 
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EXPERIMENTS 

The Equipment 

The holder fo r  the carbon fi lm subs t ra tes  (Figures 1 and 2) w a s  
a platinum sheet with 85-p holes which could be heated up to  800 degrees 
centrigrade.  
coanected t o  a l iqu id  nitrogen reservoi r  by thermal conductors. 
platinum-platinum rhodium thermocouple was attached inside the heating 
oven o r  i n  case of d i r e c t  heating t o  the platinum sheet ,  
gradient of several  hundred degrees per MM was maintained constant for  
the duration of every experiment i n  the immediate v i c i n i t y  of the 
nubstrate t o  f a c i l i t a t e  cryogenic pumping of the  sample environment. 
The subs t ra te  was penetrated perpendicularly by the observation beam 
ef  the e lec t ron  microsco-pe* 

It wan closely encapsulated by a car t r idge  which was 
A 

A temperature 

The beam of the  evaporated metal f e l l  on the heated subs t ra te  at  an 
(Figure 3). The vapor beam t rave l led  through ceoled angle of about 55O. 

tubes a f t e r  leaving e i t h e r  of two source heaters.  
of shielded tungsten w i r e  baskets with a aenical  opening toward the 
substrate.  
bat tery,  
basket. 
the vapor beam about halfway between source and t a rge t ,  It served as a 
shut te r  and a s  monitor f e r  es tabl ishing and control l ing a constant 
evaporation r a t e .  The twe source wens  could be operated independently 
of each other and t h e i r  vapor beams could be exchanged within a second, 
The principal  purpose for having two sources was t o  provide a means fo r  
r t a r t i n g  metal evaporaticns on a freshly deposited subs t ra te  surface 
(mprphous carbon). 

The l a t t e r  consisted 

Each basket w a s  heated by a s t ab i l i zed  d,c ,  current from a 

A water cooled c r y s t a l  e m i l l a t o r  could be moved t o  intercept  
The metal to  be evaporated w a s  melted onto the wire of the 

The deposit ion system, consis t ing of the subs t ra te  heater-holder 
and the evaporator, w a s  placed in to  the Hitachi 11A e lec t ron  micro- 
scope i n  the posi t ion nonnally occupied by the object holder ( u t i l i z i n g  
the modified pole piece for  the object heater) ,  and the standard object  
changer. 
pumps. 
operation with two standard d i f fus ion  pumps, 
monitors the background pressure i n  the microscope columns. 

The e lec t ron  microscope was operated with three d i f fus ion  
This provided addi t ional  pumping power r e l a t i v e  t o  the normal 

A cal ibrated vacuum gauge 

The Procedures 

Carbon films of abcut 200 - 300 8 thickness were vacuum d posited 
on Victawet covered g lass  s ides  i n  a vacuum system a t  about lo-' t o r r  
background pressure. Immediately afterwards, chips or granules of the 
source mater ia l ,  metals of 99.999% pur i ty ,  were melted on the w i r e  of the 
heater  basket i n  the s a m e  vacuum system, By appropriate arrangement of 
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THE R MOCOUP L E  
W I  

EVAPORATOR 
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HOLDER 

SPLIT 
THERMOCOUPLE 

Figure 2. Open Substrate. 

Figure 1. Substrate Inside P t -  W Oven. 

WATERCOOLING 

H 
T H  = THERMOCOUPLE TERMINAL; CR = CRYSTAL MONITOR - SHUTTER 
SH = SOURCE HEATER ARRANGEMENT 

= HEATER TERMINAL FOR SUBSTRATE; C = COOLING CONDUCTOR 

Figure 3. Cross Section Through In  Situ Deposition Equipment. 
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the  s l i des ,  clean carbon films were obtained as w e l l  as  carbon films 
with various amounts of deposited source material .  
i n  several  cases,  for  comparison with the in-s i tu  formed deposits. 

The l a t t e r  were used, 

Par ts  of the pure carbon films were f loated off  and placed on the 
flame cleaned platinum subs t ra te  holder. Then subs t ra te  and source 
oven were in s t a l l ed  and pumped under mild heating. 
the subs t ra te  was tes ted  by electron d i f f r ac t ion  and electron micro- 
graphs.&& potent ia l  observation areas w e r e  selected.  Cooling of the 
system by l iqu id  nitrogen and the heating of the substrate  fo r  the 
desired deposit ion temperature were s ta r ted .  Before i n i t i a t i o n  of 
deposit ion,  temperature s t a b i l i z a t i o n  was established which required 
time periods of up t o  several  hours. 

The s u i t a b i l i t y  of 

Only minutes were required t o  es tab l i sh  a constant evaporation r a t e .  
Very slow r a t e s  were selected which permitted extended observation t i m e s  
of i n i t i a l  nucleation. For s tudies  of growth and phase transformations, 
higher evaporation rates were used which produced subs tan t ia l  c m r a g e  
of the substrate  within about 30 minutes. 

Background Pressure a t  the Substrate and Contamination Problems 

Prior  t o  experiments i n  our microscope system, the background 
pressure of the in-s i tu  evaporator un i t  had been measured i n  an 
equivalent microscope by Poppa (Ref. 13), using the substrate  holder 
inside the magnetic f i e l d  of the objective lens as  an electrode of a 
discharge gauge. The ca l ib ra t ion  with a commercial ion gauge was only 
possible without the cooling car t r idge  around the substrate  holder. 
Poppa found a linear re la t ionship  between the discharge current  and the 
pressure down to  t o r r .  With the coaling car t r idge  i n  place, the 
dischar e current indicated a pressure a t  the substrate  holder of 
5 x lowfi t o r r  under the assumpt€on of extended l i nea r i ty .  

Order of magnitude confirmation was derived independently by 
Poppa from observations of the e f f ec t s  which the e lec t ron  beam exer t s  
on subs t ra tes  before and a f t e r  a layer of adsorbed gases has formed. A 
f reshly prepared and outgassed substrate  did not show any differences of 
nucleation processes between areas which were under the influence of the 
observing e lec t ron  beam and such areas which had not been under t h i s  
influence. Under common operational pressures i n  the electron micro- 
scope ( in  Poppa's system about 5 x low5 t o r r )  it takes only a few 
seconds of f i lm ageing u n t i l  a change i n  appearance of the substrate  
can be observed in  any area which is moved i n t o  the observation beam. 
The causes for  the changes i n  fi lm appearance under the influence of the 
e lec t ron  beam are  complex. 
the common observations as  do differences i n  nucleation rates and growth 
habi ts .  The t i m e  which elapses u n t i l  a clean substrate  s t a r t s  t o  show 
differences between areas under extended observation and areas j u s t  

Desorption of adsorbed gases causes some of 
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moved in to  the observation beam can be taken a s  an indicator for  the 
e f fec t ive  prevention of contamination. Poppa (Ref. 14) i n  h i s  
cryogenically pumped system observed no beam influence on new substrates  
for  120 seconds i n  qua l i ta t ive  agreement with the loca l  pressure valuer 
indicated above. 

e 
Our arrangement wed  the ident ica l  un i t  for  the substrate  space. 

The instrument backgronnd pressure and pump speed however, was improved 
by use of the th i rd  d i f fus ion  pump ( to  l e s s  than 2 x t o r r ) .  Heating 
of the platinum subs t ra te  t o  5OOOC without l iquid nitrogen cooling gave 
no beam e f fec t  on the substrate  appearance fo r  nearly 3 minutes, With 
l i q u i d  nitrogen cooling, observation times up t o  20 or  30 minutes were 
required u n t i l  differences between areas under continuous observatfon and 
other areas could be observed, While these observations are  qui te  
qua l i ta t ive ,  indications a re  tha t  the environment used i n  t h i s  program 
w a s  as good or  be t t e r  a8 w a s  u t i l i zed  by Poppa during e a r l i e r  work. 

- 

The source material w a s  used i n  form of turnings which were 
produced with new cut t ing  too ls  from metal s lugs of 99.999 pur i ty  only 
a few hours pr ior  t o  the melting onto the tungsten wire baskets. The 
evaporation beams traveled through water-cooled and liquid-nitrogen 
cooled tubes from the shielded 8ource heater  t o  the substrate .  ?he 
mass flow r a t e  of the vapor varied with the material  and the source 
heater  current which w a s  (between 2.4 amp itad 5.0 amp) adjusted i n  every 
case for  the desired evaporation r a t e ,  Such an arrangement is favorable 
for  maintaining an uncontaminated vapor beam, s ince the cooled tubes 
w i l l  reduce considerable background contamination i n  the beam i W l f .  

Temperature Determination a t  the Substrate 

The low temperature experiments reported here was pr incipal ly  
performed by heating of the platinum substrate  holder i n  an oven 
(designed for  magnetic invest igat ions)  with a bu i l t - i n  thermocouple 
close t o  tha platfi tan subs t ra te  holder (Figure 1). The oven was heated 
t o  the desired temperature (30OoC or  room temperature) and held conatant 
by s l i g h t  adjustments of the heater  current.  
oven, however, did not promote the cryogenic pur i f ica t ion  of the 
substrate  surface a s  w e l l  a s  does the open form (Figure 2) used for the 
higher temperature experiments. 

The closed form of  the 

The open form, however, made temperature determinations more 
d i f f i c u l t .  The mean distance between parts of the cooled encapsulation 
and the d i r ec t  heated platinum sheet w a s  about one t o  two millimeter. 
A t  higher temperatures, the temperature gradient i n  t h i s  space is 
several  100°C per m i l l i m e t e r .  Any conductive protrusion from the 
platinum sheet in to  t h i s  space reaches decis ively closer  t o  a cooled 
surface and represents a heat sink. To overcome some of the inherent 
problems, several  improvements were developed during t h i s  contract .  

7 



Instead of a normal, one point thermocouple junction of platinum-platinum 
rhadium, the platinum leg  and the platinum rhodium leg a re  mounted 
separately t o  the subs t ra te  holder t o  minimize the loca l  heat  sink. 
thermovoltages are  measured by using a ca l ibra ted  high speed recorder 
during rhor t  in te r rupt iens  of the heater  current.  This e l imiates  the 
e f f e c t  of the d i r e c t  heater  current on the s p l i t  thermocouple. 
cooling e f f e c t  on current  turn-off is accounted fo r  by extrapolat ion of 
the emf Eurve t o  zero time, i.e., t h e  ins tan t  of current turn-off. The 
method was val idated by simultaneous thermocouple and pyrometric measure- 
ments. Corre la tab i l i ty  w a s  es tabl ished t o  within a t  l e a s t  the l i m i t  of 
the pyrometer accuracy. 

The 

The rapid 

TBa temperature of the deposit  under obrerwatlon d i f f e r s ,  of 
course, from the temperature of the subs t ra te  holders t o  the degree 
centrol led by the heat conductivity of the deposit  material .  This is 
a problem t o  a l l  deposit ion techniques and cannot be fu l ly  eliminated. 
Any analysis  or  the specf f ica t ion  of any experimental conditions must 
therefore,  be performed with the subs t ra te  surface temperature as the 
reference temperature . 

Deposition Rate8 

In the ava i lab le  srystem, a c r y s t a l  o s c i l l a t o r  in te rcepts  the 
evaporation beam before and a f t e r  each deposit ion experiment. 
munner the evaporation rate can be monitored a s  t o  consistency during 
the erperiment, However, the d i f f e ren t  s t ick ing  coef f ic ien ts  of 
mater ia ls  a t  d i f f e r e n t  temperatures, e tc . ,  prevent r e l i a b l e  cor re la t ion  
between the depossftion r a t e s  a t  the o s c i l l a t i n g  c rys t a l  and B t  the 
eabs t ra tes ,  Nor does it permit the control o r  quant i ta t ive  measurement 
of a given deposit ion r a t e .  

In  t h i s  

After completion of every experiment, an attempt has been made t o  
observe interferometr ical ly  the thicknesses of the e n t i r e  assembly af 
aubstrate  fi lm and deposit  and of  carbon film which had not been h i t  by 
the source material .  However, an in te rpola t ion  for  various stages of 
gruwth was not attempted, The deposit ion r a t e s  for the ear ly  nucleation 
stages,  on the empty carbon, a re  l i ke ly  t o  be qui te  d i f f e ren t  from the 
deposition r a t e s  during l a t e r  stages of g r w t h .  

Our observations d i d  not include continuoma f i l m s  fo r  which 
thickness is a meaningful parameter. During any state of nucleation, a 
thickness equivalent i n  form of m a s s  per un i t  area can only be estimated 
from the number of  p a r t i c l e s  found per un i t  area and t h e i r  s izes .  
However, to  get  the thickness information, p ro f i l e s  of s ing le  deposited 
p a r t i c l e s  would have t o  be measured. This can only be done a t  such 
locations where the carbm subs t ra te ,  a f t e r  deposit ion,  has s p l i t  and 
curled,  exposing the deposit  i n  prof i le .  Though such locat ions have 
been found, no systematic e f f o r t  was made i n  t h i s  matter as yet.  

. 
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Thickness determination or mass measurement by inelastic scattering 
of electrons combined with quantitative photographic density evaluation 
(References 15, 16) is being contemplated for future work but has not 
been attempted in thfs contract period. 
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RESULTS OBTAI%??D 

I ron Depositions a t  Various Temperatures 

f.c.c. Iron Crys ta l l i t es .  - In  every in-s i tu  deposition experiment 
the f i r s t  evidence o f , a  deposition taking place on the carbon substrate  
w a s  the appearance of one diffuse d i f f r ac t ion  ring. 
t h i s  r ing  became v i s i b l e  inside the innermost d i f f r ac t ion  r ing  which 
or iginated from the amorphous carbon. 
deposition, more d i f f r ac t ion  r ings appeared with larger  diameters 
(Figures 6 ,  7 and 8). They were measured a s  they became successively 
sharper and could be indexed as  (1111, (200) and (220). Assuming t h e i r  
o r ig in  t o  be f.c.c. type c r y s t a l l i t e s ,  the r ing  diameters indicated a 
l a t t i c e  parameter of 4.2 0.3 .  A more accurate determination was not 
possible because the r ings  of t h i s  system never l o s t  t h e i r  d i f fuse  
character.  

In case of iron, 

(Figures 4 and 5). With fur ther  

A t  t h i s  s t a t e  of the deposition, the contrasts  i n  e lec t ron  images 
were very low. Pa r t i c l e  contours could not be recognized. A granulation 
of dimensions from 20 t o  40 a w a s  observed by a through-focus series of 
high enlarged images i n  order t o  eliminate possible a r t i f a c t s  due t o  
imperfect focusing o r  due t o  the photographic grain. The granulation 
semed to  cover the carbon substrate  without any prevail ing order or  
d i rec t ion  (Figure 9). 

An iron deposit ion i n  t h i s  s i t u a t i o n  could be considered as  
consisting of some amorphous material  between a large number of very 
small c r y s t a l l i t e s  with an f.c.c. c rys t a l  l a t t i c e .  The existence of only 
a few low-index d i f f r ac t ion  r ings of d i f fuse  character indicates  c rys ta l -  
l i tes consis t ing of a few cells only (Ref. 17) .  

Changes of the diameters of the d i f f r ac t ion  r ings were within the 
range of inaccuracy. However, measurements of d i f f r ac t ion  r ings a t  
ear ly  stages of nucleation par t icu lar ly  from the innermost r ing alone - 
tended t o  place the in tens i ty  maximum a t  a smaller diameter than a t  
l a t e r  s t a t e  of deposit ion (Figure 10). This was consis tent  and points 
toward a larger  c e l l  s i z e  for  smaller nuclei  and a c e l l  s i ze  shrinking 
with growing numbers of a t o m  par t ic ipa t ing  i n  the formation of the 
c r y s t a l l i t e s .  The l a rges t  f.c.c. c r y s t a l l i t e s  i n  our samples had 
l a t t i c e  parameters between 4.15 8 and 4.2 El, the  smallest nuclei  with 
iden t i f i ab le  c rys t a l  l a t t i c e  showed l a t t i c e  parameters between 4.2 and 
4.3 8. 

b.c.c. Iron Deposits. - Iron deposits which were permitted t o  grow 
t o  particles s izes  of 100 8 or  more always consisted of c r y s t a l l i t e s  
with a b.c.c.-type lattice and a l a t t i c e  parameter of approximately 
2.90 A (Figures 11 and 12) .  However, the shape of these c r y s t a l l i t e s  
was not as observed i n  other metal films. 
which gave the appear,ance of being nearly cubic i n  shape. 

only few c r y s t a l l i t e s  exis ted 
Most of the 

10 
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Before Iron Deposition. 3 Minutes Deposition. 
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Figure 8. Diffraction After 
33 Minute Deposition. 

Figure 9. Image After 50 Minute Iron Deposition, no b.c.c. Iron in Evidence, 
Magnification 7 : 435,000. 
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area of these films was covered by regions with a pronounced substructure 
(Figure 13). Such regions usually extended over 200 t o  300 
f i l l e d  with a network of elongated particles p a r a l l e l  t o  each other.  
Two preferred direct ions,  approximately perpendicular t o  each other,  
were noted. 
than 30 and the dis tances  between them were 30 t o  50 %. 
w a s  usually 200 to 300 13 and occassionally up t o  500 g. This fi lm 
s t ruc tu re  was observed on i ron films made with a su f f i c i en t ly  high 
evaporation rate under pure conditions (pure carbon substrate ,  pure i ron  
source, good cryogenic vacuum ewironment)r 

and were 

The thickness of the elongated c r y s t a l l i t e s  was seldom more 
Their length 

In te res t ing  as t h i s  habi t  of i ron growth may be, possibly i n  
connection with e f f e c t s  of spontaneous magnetization on nucleation and 
growth, the appearance of these deposits made it impossible t o  define a 
p a r t i c l e  s ize .  
ferometer t o  be about 250 2 50 8. 

The thickness of such layers  was determined by inter-  

Diffract ion r ing  systems which suggested b.c.c. indexing developed 
i n  the form of wel l  defined r ings.  Their diameters increased with 
fur ther  growth of the deposits.  The f i r s t  r i n g  systems ident i f iab le  
as b.c.c. (see next paragraph) were measured t o  have l a t t i c e  parameters 
of 3.15 R. The c e l l  length became successively smaller and reached a 
f i n a l  value of about 2.90 8 for  a l l  deposits which exhibited the s t ructure  
described i n  the preceding paragraph (Figure 14). 

Transformation from f.c.c. t o  b.c.c. Diffract ion Rings. - During 
in-s i tu  deposit ion observations of i ron  a t  elevated temperatures, the 
co-existence of f.c.c, type and b.c.c. type c r y s t a l l i t e s  was evident 
from d i f f r a c t i o n  pat terns  of adjacent areas. 
of a deposit  which consis ts  i n  one corner of f.c.c. type, a t  the opposite 
s ide  of b.c.c.-type material. 
appeared, which could be described as  a d i f f r ac t ion  or iginat ing from a 
b,c.c.-type c r y s t a l  with a d i s tor t ion .  
be s p l i t  (Figure 16).  These r ings had diameters which could be indexed 
a s  (311), (222) and (331), (420), respect ively i n  the f.c.c. system. 
A t  the locat ion of these r i n g  pa i r s ,  the s p l i t  (211) and (310) r ings of 
the b.c.c. d i f f r a c t i o n  were found. After several  minutes of continued 
deposit ion the d i f f r a c t i o n  r ings  showed an undistorted b.c.c. lat t ice 
(Figure 17). 

Figure 15 shows the i1na8e 

In  some areas d i f f r ac t ion  pat terns  

A number of l i nes  appeared t o  

A t  the t i m e  of transformation, particles were v i s i b l e  i n  the images 
of the deposits.  
40 t o  50 8. 
assumed elongated shapes when growing. 

They had no sharp contours but they had dimensions of 
Particles la rger  than 50 B were b.c.c. c r y s t a l l i t e s  and 

A t  no t i m e  during the deposit ion and a t  no temperature from room 
temperature t o  about 500'6 did we observe phenomena which uould indicate  
a liquid-type behavior o r  p a p - l i q u i d  crystals. 
always undefined, but,  any form of cofluance or  coagulation w a ~  not 

The contours were 
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Figure 7 7 .  Diffraction After 73 Minute Deposition. Figure 72. Diffraction of 6.c.c. Iron Deposit. 

Figure 73. Image of 6.c.c. Iron Deposit at Room Temperature, Magnification 1:  296,080. 
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Figure 74. Deposition Time in Minutes. 
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Figure 15. Image of b.c.c. and f.c.c. Iron Mixed. 
Top of Image Only f.c.c., Bottom of Image b.c.c. 

Magnification 7 : 200,000. 
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observed. A pronounced tendency of b.c.c. c r y s t a l l i t e s  t o  a l ign  i n  
s t r a i g h t  rows w a s  observed in  most deposi ts  of b.c.c. s t ructure .  This 
however, did not r e s u l t  i n  v i s i b l e  coagulation. 

Fast deposit ions of i ron  a t  room temperature with less controlled 
puri ty  conditions formed layers  which seemed t o  consis t  of coagulated 
par t ic les .  
"par t ic les"  t o  have extremely complex substructures of ten with d e t a i l  
dimensions of  less than 10 a (Figure 18). 

However, high resolving e lec t ron  images revealed these 

'a 
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Figure 78. lmage of Iron After Fast Deposition at Room Temperature, 
Magnification 7 : 435,000. 
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Copper Deposition Above and Below 1/3 of Absolute Melting Temperature (AMT) 

Depositions of copper was observed, in-s i tu ,  on carbon substrates  
The l a t t e r  heated to room temperature and to  a nominal value s f  40OoC. 

temperature is about halfway between 1/3 and 2 /3  of the absolute 
melting temperature (1356"K) or  copper, 
2/3 AMT = 904OK = 631OC). Every' observation made on copper deposit ions,  
independent of the temperature applied, showed c r y s t a l l i t e s  &f an f.c.c. 
l a t t i c e  type with a c e l l  edge distance of 3.62 2 0.01 A. Variations of 

p a r t i c l e  s i z e  even f o r  cspper  nuclei  which were too small to  produce 
more than the innermost (111)-ring of the f.c,c, d i f f r ac t ion  pattern.  
(Figures 1 9  and 21). No l iqu id  phase could be ident i f ied .  With the 
questions about any transformation answered i n  the negative, the in - s i tu  
observed deposit ion of copper can be evaluated only with regard t o  
deposit ion and growth phenomena. 

(1/3 AMT = 452OK = 1 7 9 O C t  
4 

P the  l a t t i c e  parameters were uncorrelated t o  length of deposit ion time o r  

Copper Growth Under High-Purity Conditions. - Evidence for  copper 
deposition s tareed with the appearance of the innermost r ing  (111) of 
i t 's f.c,c. d i f f r a c t i o n  pa t te rn  j u s t  inside of the f i r s t  diffuae r ing  
from the amorphous carbon subs t ra te  (Figurer 20, 21). Simultaneously, 
a deepening i n  contrast  had occurred i n  the image of the carbon subs t ra te  
which displayed, when s t i l l  empty, a s l i g h t l y  or iented corrugation 
(Figures 22, 23). 
f i lm a f t e r  shadow casting. 
bf its own within the resolving power of the microscope. 
15 A could have been detected with cer ta in ty  if they existed.  

The image i n  Figure 23 has the appearance of a carbon 
The deposit ion does not show a granulation 

Pa r t i c l e s  of 

The appearance of enly the lowest index d i f f r ac t ion  r ing,  in 
Figure 21, taken p r i o r  t o  image i n  Figure 23, indicates  t ha t  the 
i n i t i a l  nucleated c r y s t a l l i t e s  a re  composed of l i t t l e  more than one 
cel l  of the f.c.c. l a t t i c e .  
feature  i n  Figures 22, the  deposit  produced the 4 lowest-tndexed 
d i f f r ac t ion  r ings  (Figure 24). This indicated c r y s t a l l i t e s  t o  be 
composed of a t  l e a s t  365 atoms or about 64 c e l l s  (Ref. 17). The average 
s i z e  of such a c r y s t a l l i t e  would be about 4 times the cubic l a t t i c e  
parameter, €.e., i n  the case of copper, about 14 - just above the 
resolving power of the microscope. 

While, a f t e r  the appearance of the image 

The next image (FGure 25) of t h i s  deposit ion was taken about 90 

Many p a r t i c l e s  could be seen that had grown t o  about 
seconds l a t e r .  By then a s ign i f i can t  change i n  the deposit ion mechanism 
had taken place, 
50 A diameter. D i f f r a c t i m  rfngs with higher indices were v i s i b l e  
(Figure 26). 
p a r t i c l e s  were usually surrounded by a white zone of empty carbon, 
These zones varied in width between 50 and 80 8. Continued deposit ion 
resul ted i n  fur ther  growth of the v i s i b l e  p a r t i c l e s  (Figures 27, 28). 
The general arrangement of the p a r t i c l e s  w a s  maintained. 

Though d e t a i l s  of the contours w e r e  not resolved, these 

The space 
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igure 20. Diffraction efore Start of Copper iffraction After Start of Deposition. 
Deposition ( Image Figure 22). 

Figure 22. Image of Carbon Before Start of Copper Deposition (Diffraction Figure 20 1 
Magnification 7 : 720,000. 

Figure 23. Image of Carbon After 3 Minute Copper 
Magnification 7 : 720,000. 
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Figure 24. Diffraction After 3.5 Minute Deposition igure 26. Diffraction After 5.5 Minute Deposition 
(Image Figure 23 1. ( lmaae Fiaure 25 j. 

Figure 25. Image fter 5 Minute Copper eposition, Magnification 

-- -i_^ _ _ _  _ _  __.- __ 

Fjgure 27. lmage After 7.5 Minute Copper Deposition, Magnification 7 : 792,000. 
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between them diminished and the p a r t i c l e  contours became more d i s t i n c t .  
The shape of the pa r t i c l e s  deviated noticeably from the formerly 
c t rcu lar  habi t .  

A t  t h i s  s t a t e  of deposition, d i s t i n c t  c r y s t a l l i n i t y  of some of 
the larger  pa r t i c l e s  became evident by t h e i r  deep cont ras t s  of "Bragg 

taken 11.5 minutes a f t e r  the s t a r t  of deposition, they appeared as 
br ight  spots producing a granulated appearance. A t  t h i s  time the 
la rges t  c r y s t a l l i t e s  were measured t o  have dimensions of up t o  150 8. 

* ref lect ions"  (Reference 19) .  331 the  d i f f r ac t ion  rings (Figure 29) 

." 

Figure 29, represented exposure number 18 i n  t h i s  experimental run 
and a t  t h i s  point,  i.e., approximately 11.5 minutes a f t e r  s t a r t  of 
deposit ion,  the run w a s  interrupted t o  exchange photographic plates .  
This takes place i n  a sealed-off camera. Substrate heater  current,  
environmental caoling and electron beam in tens i ty  were kept constant 
during the in te r rupt ion  and the evaporation beam was intercepted by the 
c rys t a l  o s c i l l a t o r  and checked. The camera w a s  fu l ly  prepumped before 
it was reopened t o  t he  microscope column. :'he background vacuum 2auge 
a t  the camera showed a momentary pressure increase from 1.5 x 10' 
about 2.5 x t o r r  for about 20 seconds. 

t o  

When observation was resumed, i .e . ,  a f t e r  deposition pause sf 
about 7 minutes, the appearance of  the deposft had changed (Figure 30). 
Before new material  w a s  added, the copper c r y s t a l l i t e s  had grown t o  
approximately double t h e i r  former diameters and had d i s t i n c t  surfaces. 
Their number per un i t  area had dropped t o  approximately one th i rd .  
distances between them were wider in  many locations.  However, due t o  
t h Q i r  i r regular  shapes many pa r t i c l e s  nearly touched each other. When 
copper deposition (with nearly the same r a t e  as before) was continued, 
the growth mechanism could be observed t o  be d i s t i n c t l y  d i f f e ren t  from 

. t h e  one before the in te r rupt ion  (Figures 30, 31, 32, 33, 34). Cofluence 
of c r y s t a l l i t e s  was the dominating process with the resu l t ing  defect  
s t ruc tures  remaining i n  the c rys ta l s .  The changes i n  the shape and s i ze  
of the c r y s t a l l i t e s  took place without noticeable motions of the combining 
pa r t i c l e s .  
remarkably s table .  
deposit ion period conform to the image observations. The granulation 
i n  the d i f f r ac t ion  r ings  coarsened approximately with the increaaing 
s i z e  of the c r y s t a l l i t e s  (Figures 35, 36). 

The 

The locat ion even of t he  smaller c r y s t a l l i t e s  seemed t o  be 
The d i f f r ac t ion  patterns established during the same 

After a second period of 15 minutes deposition (i.e.,  approximately 
33 .5  min a f t e r  i n i t i a l  start of deposit ion),  the fi lm had grown t o  cover 
approximately 90% of the surface,  the opt ica l  thickness by interfero-  
meter measurement was found t o  be between 200 and 300 At. After a f i n a l  
obaervation, the deposit ion was stopped a t  t h i s  point and the subs t ra te  
heater  turned o f f .  
eratures  below room temperature within a few minutes. 
deposit  w a s  h i t  by the e lec t ron  beam,crystals combined with dramatic 

The temperature o f  the  substrate  dropped to  temp- 
When the cooled 
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Figure 28. Image After 7 7 Minute Copper Deposition, Magnification 7 : 770,000. 

Figure 29. Diffraction After 7 7.5 Minute Copper 
Deposition (Image Figure 28 1. 

Figure 30. Image After 78.5 Minute Copper Deposition, Magnification 7 : 770,000. 
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Figure 31. Image After 21.5 Minute Copper Deposition, Magnification 1 : 170,000. 

Figure 32. Image After 27.75 Minute Copper Deposition, Magnification 1 : 170,000. 

Figure 33. Image After 23.5 Minute Copper Deposition, Magnification I : 170,000. 

Figure 34. Image After 29.5 Minute Copper Deposition, Magnification 7 : 770,000. 
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igure 37. Image of Globular Copper Particles 
(Diffraction Figure 38 1. 
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slxddeness. Within seconds - defying e f f o r t s  t o  obtain photographic 
records  - the  i r regular  c rys t a l l i ne  pa r t i c l e s  became globular i n  shape 
moving over distances of microns and combining t o  globules of 500 2 
diameter or  more (Figure 37) .  The corresponding d i f f r ac t ion  pa t te rn  
showed d i f f r ac t ion  r ings composed of separated i r regular  d i f f r ac t ion  
dots and included carbon d i f f r ac t ion  of subs tan t ia l  in tens i ty  (Figure 38).  
The d i f f r ac t ion  shows tha t  the e n t i r e  copper deposit  had coagulated in to  
c rys t a l s  with spherical  contours of diameters from 500 t o  several  
thousand angstroms, d i s t r ibu ted  f a i r l y  evenly on an otherwise clean 
carbon substrate .  

" 

Copper Growth Under Room Temperature Conditions. - During the deposition 
of copper on carbon a t  room temperature, carr ied out a t  low deposition 
r a t e s ,  progressive i n i t i a l  nucleation was again evident by the growing 
number of d i f f r ac t ion  rings.  Contrast enhancement of the carbon surface 
became obvious a t  very ear ly  s t a t e s  of the deposition. The f i r s t  v i s i b l e  
coagulation of the deposit occurred i n  the form of widely separated 
pa r t i c l e s  of about 50 a - 60 a s i ze  (Figure 3 4 ) .  Bragg re f lec t ions  
within these c r y s t a l l i t e s  were not observed. After 6 more minutes 
deposition time, most pa r t i c l e s  were la rger  than 80 8 (Figure 4 0 ) .  
of these produced a high-contrast image and a thoroughly c rys t a l l i ne  
d i f f r ac t ion  r ing  system. Further deposition did not change the basic 
appearance of  such a film. 

Many 

For qua l i t i a t ive  comparison, a f a s t ,  room tempera ture  deposition of 
cop e r  on f resh  carbon was carr ied out i n  a high vacuum system to  
lo-? t o r r  background pressure). Due to  uncertaint ies  i n  r e l a t i v e  
subs t ra te  temperatures and deposit ion r a t e s ,  t h i s  s ingular  experiment is 
insuf f ic ien t  for  reachfng any conclusions and is presented here only for  
completeness of reporting. There 
is a considerable d iss imi la r i ty  i n  shape, s i z e  d i s t r ibu t ion  and density. 
Reasons for  t h i s  can only be evaluated when the deposition parameter 
control i n  the i n s i t u  un i t  is updated by the recently developed techniques. 
A s  can be seen from the  figures,  most of the deposited material  consisted 
of c i rcu lar ly  shaped copper pa r t i c l e s  of diameters from 100 t o  300 w. 
Defect s t ruc ture  contrast  and d i f f r ac t ion  r ing systems showed w e l l  
established c r y s t a l l i n i t y  and the v i s i b i l i t y  of the two d i f fuse  d i f f r ac t ion  
rings of amorphous carbon proves the presence of a subs tan t ia l  area of 
empty carbon substrate .  

Figures 41 and 42 typify the resu l t s .  
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Figure 38. Diffraction After Formation o f  
Globular Copper Particles 

(Image Figure 37 ) .  

Figure 3?. Image of Copper Deposition After 
47 Minutes at Room Temperature 

Magnification 7 : 744,000. 

Figure 40. Image of Copper Deposition After 
53 Minutes at Room Temperature 

Magnification 7 : 744,000. 
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Figure 41. Diffraction of Spherical 
Particles (Image Figure 42 1. 

Figure 42. lmage of  Spherical Copper Particles at oom Temperature Defocussed for 
Defect Contrasts, Magnification 7 : 200,000. 
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Gold Deposition A t  Room Temperature 

Gold is known t o  coagulate a t  very ea r ly  stages of deposition. 
For t h i s  reason, i t  is not useful as a shadowgraphing material  for  
high-resolving e lec t ron  microscopy. The granulation into small (20 8) 
contrast  r i c h  particles is  of ten u t i l i z e d  fo r  resolving power t e s t s  of 
e lec t ron  microscopes. 

The in - s i tu  gold depositions were car r ied  out using a 99,999% pure 
gold source and a f resh carbon subs t ra te  heated t o  room temperature 
against  the l iquid nitrogen cooled environment. ZTnder these conditions, 
ear ly  conglomeration was  not observed i n  gold deposits.  5 minutes a f t e r  r 

the  i n i t i a t i o n  of deposit ion,  nucleation became evident by the inner (111) 
d i f f r ac t ion  r ing  of gold appearing inside the d i f fuse  d i f f r ac t ion  r ing  
from the carbon. It took 4 more minutes of deposit ion time u n t i l  e lectron 
images gave some evidence of deposition (Figure 4 3 ) .  A t  t h i s  t i m e ,  the 
d i f f r ac t ion  pa t te rn  consisted of 5 d i s t i n c t  r ings plus the two r ings of 
amorphous carbon which were s t i l l  i n  evidence (Figure 44) .  The imges  
during several  minutes of continued deposit ion showed the surface 
s t ruc ture  of the carbon fi lm with increasing contrast .  
up were recognizable, and no pa r t i c l e  coagulation w a s  observed up t o  
about 16 minutes of deposit ion time (Figure 45)- During the next 2 
minutes of deposit ,  coagulation did occur as w e l l  as changes i n  the growth 
habi t  of the deposits.  The d i f f r ac t ion  r ings  of the gold narrowed down 
t o  8 f rac t ion  of t h e i r  former width and the d i f fuse  rings of the carbon 
subs t ra te  appeared stronger again. Tn the image the s t ruc tu ra l  features 
of the carbon surface cannot be seen anymore, however, the deposited 
material  forms many pa r t i c l e s  of 50 2 and la rger  which a re  found i n  
surroundings of l i gh te r  areas apparently indicat ive of denuded carbon 
(Figures 4 6 ,  4 7 ) .  After the exposure leading t o  Figure 47, f i lm p la t e s  
were exchanged. In contrast  with the e a r l i e r  observations on copper, the 
deposit w a s  found unchanged immediately a f t e r  exchange of photographic 
p l a t e s  (Figure 4 ). But, the  e lec t ron  beam used for the observation 
seemed t o  have an e f f e c t  on the deposited par t ic les .  
of observation, the  image changed by a sudden coagulation ac t iv i ty .  
Without addi t ional  depositions pa r t i c l e s  combined t o  form c r y s t a l l i t e s  
with sharp contours and i r regular  shapes (Figure 49). Pa r t i c l e  s i z e  
average had increased from about 100 a t o  200 8. 

* 

Details from 10 a 

Within one minute 

Keeping t h i s  area of the sample under the e f f e c t  of the observation 
.beam while resuming deposit ion did not r e s u l t  i n  s ign i f i can t  fur ther  
growth of the established par t ic les .  
place and the e n t i r e  arrangement, gold pa r t i c l e s  and the open carbon 
areas,  served as  a subs t ra te  fo r  a new deposition. New pa r t i c l e s  could 
be recognized over the carbon subs t ra te  a s  w e l l  as on the formerly 
deposited p a r t i c l e s  (Figure 50). In  t h i s  f igure  the new pa r t i c l e s  have 
an average diameter of 50 8. 

The exis t ing  pa r t i c l e s  stayed i n  
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Figure 43, Diffraction of Go/d Deposition 
After 9 Minutes. 

Figure 44. Image of Gold Deposition After 
9.5 Minutes, Magnification 7 : 94,000. 

Figure 45. Image of Carbon After 16 Minute Gold Deposition, Magnification 7 :94,000. 

. 
Figure 46. Image After 20 Minute Gold Deposition, Magnification 1 : 364,000. 

Figure 47. Image After 33 Minute Gold Deposition, Magnification 7 : 120,000. 
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Figure 48. Image After 33 Minute Gold Deposition After Interruption for 
Change of Photographic Plates, Magnification 7 : 720,000. 

Figure 49. Image After 33 Minute Gold Deposition After I Minute 
Exposure to Electron Beam, Magnification 7 : 792,000. 
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The e f f ec t  of extented exposure t o  the observation electron beam 
in  t h i s  sequence of deposit ions can be seen by comparison with areas of 
the  deposited fi lm which were not exposed t o  the e lec t ron  beam a f t e r  
p la te  exchange. Such areas (Figure 51) were found nearly covered with 
deposited gold particles of complex shapes. 
aaaent ia l ly  f l a t  and showed a well developed c r y s t a l l i n i t y  as  is evident 
from the d i f f r ac t ion  pa t te rn  (Figure 52). 

They appeared t o  be 

J 

- 1  
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Figure 50. Image After 75 Minute Gold Deposition on Formerly Observed Location, 
Magnification 7 : 792,000. 

Figure 52. Diffraction After 75 Minute 
Gold Deposition. 

Figure 57. Image After 75 Minute Go/d Deposition 
on Location Without Former Observation, 

Magnification 7 : 792,000. 
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DISCUSSION OF RESULTS 

The Formation of Crys ta l l i t es .  - One of the objective of these 
s tud ies  has been the detect ion of s ign i f icant  changes of c r y s t a l l i n i t y  
during ear ly  s tages  of film deposition. 
the deposition of iron, copper and gold s t a r t e d  i n  a shado-ph’ga8 
fashion governed by the incident angle of the deposits and the surface 
undulations of the pure amorphods carbon which w a s  always used as a 
substrate.  
material  accumulated at  the ridges of l e s s  than 20 8 s i z e  which formed 

I f  
the deposited material  w a s  composed of separated nuclei  a t  t h i s  stage,  
they must have been smaller than the resolving power of the microscope 
(apmoximately 15 8).  
able contrast  i n  the e lec t ron  image, i t s  presence manifested i t s e l f  i n  
the appearance of a t  least one d i f f r ac t ion  r ing,  i n  a l l  cases the (111)- 
r ing  of a face centered cubic l a t t i c e .  

A t  a l l  temperatures investigated,  

No par t icu lar  c rys t a l  habi t s  prevailed, The depositing 

c the  general undulation of the surface of evaporated carbon layers.  

Before the deposited material  produced a notice- 

C.W.B. Grigson and E. Barton (Ref. 17) have investigated the Debye 
intereference function for small un i t s  of face centered cubic l a t t i cea .  
Crys t a l l i t e s  composed of 27 t o  55 atoms w i l l  not produce more than 3 
d i f f r ac t ion  rings (111, 220, and 311). The appearance of the (200)- 
r ing indicates  the presence of c r y s t a l l i t e s  containing more than 64 atoms. 
The innermost r ing  may be v i s i b l e  when 4 atoms s t a r t  t o  maintain distances 
of the appropriate c rys t a l  l a t t i c e .  

Assuming those theore t ica l  developments t o  be applicable i n  our 
case, our deposits i n  the  ea r ly  stages were composed of quasi-amorphous 
m e t a l  containing many small groups of 4 t o  8 atoms forming c r y s t a l l i t e s  
of s i zes  equivalent t o  t h e i r  l a t t i c e  parameter. 

i n  most of our experiments about 4 d i f f r ac t ion  rings could be 
ident i f ied ,  before the  image of the deposit  changed s igni f icant ly .  

Further deposit ion of copper or gold did not proceed i n  the form 
of continuous growth and monotonously higher subs t ra te  over-growth. 
Within the exposure time of one or  two micrographs, we found pa r t i c l e s  
which had grown considerably f a s t e r  by apparently depleting t h e i r  v i c i n i t y  
of deposited material. A l l  of our experiments yielded measurable i m a g e s  
and d i f f r ac t ion  patterns. A prevail ing pa r t i c l e  s i ze  of  abaut 80 8 was 
evident when the f i r s t  sharp, well developed d i f f r ac t ion  r ings were 
produced. 
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Liquid Phase 

A t  the temperature applied i n  our experiments, no "liquid" phase 
Even deposits which had a has been ident i f ied  in  any of the deposits. 

well rounded shape and which appeared t o  have a high mobility shape 
(Figures 37, 41) could always be ident i f ied  t o  be c rys t a l l i ne  i n  nature 
by d i f f r ac t ion  and 5y observed defect  s t ruc tures  which were c lear ly  
v i s i b l e  i n  s l i gh t ly  defocusaed images. This general appearance of w e l l  
established c r y s t a l l i n i t y  may not exclude - however, the existence of 
an amorphous surface layer  with quasi l iqu id  behavior which could not be 
resolved by the instrument. 

> 

v 

Transformation of Crystal La t t ice  Type 

Only i n  i ron did we observe a transformation of one c rys t a l  l a t t i c e  
type in to  another. 
and by d i f f r ac t ion  rings.  
30 2 a t  room temperature, and 50 a a t  elevated temperatures. 
f,c.c. d i f f r ac t ion  r ing  systems transformed in to  a d i f f e ren t  d i f f r ac t ion  
system before becoming su f f i c i en t ly  sharp for accurate measurements. 
The f.e.c. (111) r ing  became gradually f a in t e r  while new rings appeared. 
An intense and sharp r ing,  indexed as  (200) i n  a body centered cubic 
l a t t i c e  coincided with the  more d i f fuse  r ing which was  indexed as (220) 
i n  the face centered cubic l a t t i c e .  

Face centered cubic c r y s t a l l i t e s  could be observed 
Sizes of f.c.c. c r y s t a l l i t e s  were l i m i t e d  t o  

The observed 

When t h i s  transformation occurred a t  elevated temperatures, it 

Also an 
resul ted i n  a completely b.c.c. i ron deposit. We a l so  have found the 
two c rys t a l  types i n  close proximity t o  each other,  (Figure 15). 
intermediate s i t ua t ion  has been found s t ab le  enough t o  be studied 
(Figure 16) .  A more de f in i t e  and detai led analysis  of the t r ans i t i on  of 
the f.c.c. i ron  c y r s t a l l i t e s  in to  la rger  b.c.c. i ron c r y s t a l l i t e s  should 
be based on larger  experimental sampling. 

Change i n  La t t i ce  Parameters 

Neither i n  copper nor i n  gold did we f ind any changes i n  l a t t i c e  
parameters. 
no systematic changes i n  the l a t t i c e  parameters of the c r y s t a l l i t e s  were 
measureable during the deposition. 
not systematic and were always consistent with changes i n  the instrument 
constant L)(, , which w a s  checked before and a f t e r  each experiment by 
d i f f r ac t ion  pa t te rns  of f u l l y  developed and ident i f ied  films. 

From the s t a r t  of the appearance of the innermost r ing,  

Differences i n  r ing  diameters were 

In the observations of i ron deposits,  by contrast ,  we found an 
enlarging of the r ing  diameters with gruwth. 
consis tent  but accuracy of t h e i r  measurements a re  l imited by the  very 
d i f fuse  nature of the  

The changes were small and 

i n i t i a l  d i f f r ac t ion  pattern.  
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Par t ic les  of less than 50 51 s i z e  possessed a f.c.c. c e l l  edge of 
about 4.3 t o  4.2 g. 
formations, the b.c.c. r ings  indicated latt ice dimensions of approximately 
3.1 8. Such particles,  observed as  they grew to a b u t  100 8 s ize ,  
changed t o  a lat t ice parameter of about 2.90 8. 

In  the 50 a range - and during c rys t a l  type trans- 

The Growth Habit of b.c.c. Iron Pa r t i c l e s  

The growth of b.c,c. i ron  pa r t i c l e s  did not proceed i n  the same 
manner as observed for  other metals. All the  i ron films which we produced 
showed a s t rong preference for  formation of c rys t a l s  i n  s t r a i g h t  rows of 
up t o  30 par t i c l e s  of approximately 30 a diameter each. 
been observed parallel t o  each other o r  i n  perpendicular arrangements. 
Row formations were a l so  observed as  substructures when the deposit  
awered  large areas of the  substrates .  By through-focus se r i e s  of 
observations, which revealed c rys t a l  hab i t s  independent from focussing 
e f f ec t s  o r  from photographic grain e f f ec t s ,  the row s t ruc ture  of b.c.c. 
i ron  films w a s  consis tent ly  found as  long as the environmental conditions 
provided high puri ty  source material .  
independent of the carbon surface conditions. The deposit  did not grow 
d t f f e ren t ly  on a pure carbon film than it did i f  the carbon was covered 
by a s i l i c o n  monoxide layer.  

Such rows have 

This was a l so  found t o  be 

We suggest as one possible explanation of the observed growth 
cha rac t eda t i c s  t ha t  on transformation of the  i n i t i a l  c r y s t a l l i t e s  i n to  
b.c.c. i ron renders the pa r t i c l e s  increasingly ferromagnetic. A 
consequent long range in te rac t ion  e f f e c t  on the arrangement of the 
neighboring deposit  i n to  pa ra l l e l  and/or an t i -para l le l  magnetic dipole 
or ientat ions seems then qui te  feasible .  

A possible analogy exists i n  bulk nucleation processes used for  
prec ip i ta t ion  hardening of cer ta in ,  so l id  ferromagnetic materials 
without or with magnetic f i e l d  (Ref. 20, 21) .  Elongated pa r t i c l e s  grow 
e i the r  i n  the direction of the spontaneous magnetwation or  inthe d i rec t ion  
of an outer f i e l d  which is used t o  make the magnetization of a l l  nuclei 
unidirect ional .  This magnetically preferred nucleation and c r y s t a l l i t e  
growth inside s o l i d  state crystalsrequires  undisturbed conditions 
(f ree  from carbon impurities o r  s t r a i n s ) .  Therefore, impurity e f f ec t s  
are l ike ly  t o  influence the preferen t ia l  growth mechanism in  i ron films 
also.  This deserves consideration i n  future work. 

Iron "par t ic les"  i n  l iqu id  form are  a l so  known t o  nucleate and grow 
along the l i nes  of t h e i r  magnetization (Ref. 22, 23) provided a l l  other 
nucleation e f f ec t s ,  even mechanical motion, are excluded. This ferro- 
magnetic films can be produced with magnetic anisotropies  when they 
grow under the influence of a magnetic f i e l d  (Ref. 2k). 
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The par t icu lar  shapes of the b.c.c. i ron  c y r s t a l l i t e s  prevented 
the coordination of the obmrved e f f e c t s  t o  defined p a r t i c l e  s izes .  
In  order t o  deposit  i ron  with a defined p a r t i c l e  s izg  a higher 
temperature should be applied, c lose t o  o r  above 770 C (Curie point). 
Tha e f f e c t  of magnetic poles on nucleation and growth would then not 
i n t e r f e re  with the formation of c rys t a l s  w i t h  a regular habi t .  

Pa r t i c l e  Growth and Environmental Conditions 

Four d i f f e ren t  types of growth processes have been observed during 

1 
i n s i t u  deposition: 

1) Adsorption and growth of deposited m e t a l  on the carbon surface 
with some apparent influence of material. 

2) Island formation of deposited material. 

3)  Cofluence of adjacent is lands in to  pa r t i c l e s  with sharp 
contours. 

4) Combination of pa r t i c l e s  over r e l a t ive ly  large distances.  

The f i r s t  process produced a gradual cont ras t  increase of the image of 
the carbon surface.  
hab i t s  within the resolving power of the instrument (15 8). 

Tha deposited material  did not show any preferen t ia l  

The second process resul ted i n  random o r  preferen t ia l  (b.c.c. iron) 
arrangements of pa r t i c l e s  from 30 t o  50 a s i z e  located within areas of 
apparently denuded carbon. 
r e l a t i o n  t o  the carbon surface s t ruc ture  which had been i n  evidence 
during the f i r s t  process. 

The image of the deposit  did not show the 

The f i r s t  two processes have been observed under clean and 
undisturbed conditions for  a l l  metal. deposit ions car r ied  out. 

The th i rd  and fourth process have bean observed i n  our experirrsafO8 
only a f t e r  an interrupt ion of the  in - s i tu  experiments, the possible 
introduction of contamination o r  a f t e r  conclusion of the deposit ion and 
cooling. A quasi-liquid l i k e  behavior (high mobili ty,  round shape) 
could be noted occassionally, though a l l  pa r t i c l e s  showed c rys t a l l i ne  
s t ruc tures  throughout. 

The cofluence process took place betwaen pa r t i c l e s  i n  close 
proximity t o  each other ,  without extensave lateral motion. 
a r t an ta t ion  of the formerly separated p a r t i c l e s  could usually be 
recognized inside the  p a r t i c l e  which resul ted from the combination. 
Thus, i n  e f f e c t  t B i s  process is mostly a grgwfng together, ra ther  than 
a cofluence i n  the sense, of l iqu id  droplets .  
ba f l a t  compared with their l a t e r a l  extension. 
sew3med t o  have some e f f e c t  on the process as comparisons had shown batween 
locations under long and short  observations. 

The cq-stal 

The pa r t i c l e s  appeared t o  
The observation beam 
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The fourth process w a s  observed t o  be i n i t i a t e d  by the e lec t ron  
beam of the instrument. The p a r t i c l e s  assumed near globular ehapes 
without loosing t h e i r  c r y s t a l l i n i t y .  They were seen moving over longer 
dis tances ,  o f t en  propelled t o  considerable ve loc i ty  suggesting e f f e c t s  
of surface charges. 

The s e n s i t i v i t y  of deposi ts ,  nucleated and grown under c lean 
9 conditions, t o  changes of t h e i r  environmental conditions should be 

s tudied fur ther .  The observation of the d i f f e r e n t  growth phenomena 
and t h e i r  r e l a t i o n  t o  environmental conditions, i f  not for tu i tous ,  may 

I *  become an important s i d e  r e s u l t  of these s tud ies .  
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